Background: Accurate, noninvasive, and inexpensive methods are required to measure infant body composition. Ultrasound (US) and bioimpedance spectroscopy (BIS) have been validated in adults and introduced in pediatric populations. The aim of this study was to evaluate the performance of both methods in determining percentage fat mass (%FM) in breastfed infants. Methods: %FM of 2, 5, 9, and 12 mo-old healthy, breastfed term infants (n = 58) was calculated using BIS-derived total body water equations and skinfold equations then compared with reference models. Skinfolds were measured with US at two and four sites (biceps, suprailiac and/or triceps, and subscapular). results: %FM differed widely within and between methods, with the degree of variation affected by infant age/sex. Not a single method/equation was consistent with the distributions of appropriate reference values for all age/sex groups. Moderate number of matches with references values (13-24 out of 36) was seen for both types of equations. High number of matches (25-36) was seen for US skinfold-based equations. %FM values calculated from US and BIS were not significantly different (P = 0.35). conclusion: Both BIS and US are practical for predicting %FM in infants. BIS calculations are highly dependent upon an appropriate set of validated age-matched equations.
B
ody composition (BC) in early life plays an important role in the programming of long-term health outcomes including obesity, type II diabetes, and cardiovascular disease (1) . The majority of large studies reporting an association of infant development with disease later in life use anthropometric measurements or BMI to monitor growth that provide limited indices of adiposity as they fail to reflect body shape, fat distribution, and density.
The number of techniques available to assess infant BC is increasing. These measures have better accuracy than anthropometric measurements, but may be either time consuming, expensive, and invasive, expose infants to low levels of radiation (dual-energy X-ray absorptiometry and computed tomography), require the infant to be restrained (magnetic resonance imaging) or have weight restriction (air displacement plethysmography).
Bioelectrical impedance spectroscopy (BIS) is noninvasive and often used to estimate BC due to its ease of application and low cost. BIS measures the electrical impedance, or opposition to flow through the body tissues of a small harmless electric current. The measured impedance, corrected for the reactive component, known as electrical resistance is inversely and quantitatively related to the volume of conductive compartment which can be used to calculate total body water (TBW) and estimate fat-free mass (FFM) and fat mass (FM) (2) . BIS provides reliable estimates of TBW in adults and equations have been developed for children and infants (3, 4) . While in very young infants (<5 mo) BIS is associated with poorer predictive performance that could be due to the higher conductivity of the infant's adipose tissue with its increased vascularization and water content, and rapidly changing hydration status caused by feeding patterns (4-6), small bias indicates that BIS is suitable for comparison between groups and for longitudinal studies (4) . Ultrasound (US) presents an alternative noninvasive and inexpensive technique to study infant BC. The US image is created by high frequency waves, which are attenuated during travel through tissue and reflected back to transducer (7) . US can be used to measure depth and area of adipose and muscle tissue. Serial measurements have been made to evaluate the growth and development of term and preterm infant and to assess changes in BC in both groups (8, 9) . Tracking BC with US is sensitive enough to detect breastmilk macronutrientrelated changes in adipose and muscle tissue accrued at the measurement sites in preterm infants (9) . A modification of this method was utilized to measure subcutaneous tissue thickness (SCTT) in term infants, in place of traditional calipers. Calipers may disturb the infant (10) and mother while common issues such as movement and infant skin compressibility affect reliability (11) . US offers a pain-free, more consistent solution and has been validated in adults against dual-energy Figure 1 . US image of infant triceps (upper arm) with skin, subcutaneous fat, and muscle areas defined. The boundary between muscle and fat is marked by a bright line (fascia). A half skinfold measure is equal to the skin thickness plus the subcutaneous fat thickness and needs to be doubled for use in skinfold-based equation. Scale is presented on the left side of the scan with distance between 0 and 1 = 10 mm. Ag-AgCl gel electrodes (ImpediMed) were applied to the skin on the right hand and foot. Two distal current drive electrodes were placed on the dorsal surface of the hand and the foot, at the metacarpalphalangeal and metatarsal-phalangeal joints; and two voltage sense electrodes were placed 3cm proximal to the current electrodes. 3M Micropore surgical tape (3M Health Care, Neuss, Germany) was used to secure the electrodes in position. Electrodes were left on the limbs for the second series of measurements after the breastfeed. No direct contact was made with the infant's skin during the measurements and insulating material (cloth) was used to ensure no contact occurred between the infant's limbs or between the infant and the mother's hands. Series of measurements (pre or postfeed) consisted of 10-50 consecutive measurements taken within 1-2 min with infants in supine position on a nonconductive surface. Collected data were transferred to a computer and analyzed by fitting the measured resistance and reactance at each frequency to a Cole-Cole plot using Bioimp version 5.2.2.0 software (ImpediMed). All raw data were visually examined and measurements were analyzed with settings customized for infants to ensure goodness of fit as assessed by the standard error of the estimate as per Lingwood et al. (4) : Td correction off; identification of the curve that most closely resembles a semicircle and setting the frequency range to cover this portion of the curve (upper/lower frequency limits of 1,000/12 kHz); rejection limit of 1%; achieving standard error of the estimate <1.0 and then applying Td correction of 0). Values of resistance (ohm) at frequency of 50 kHz (R 50 ) were determined from the curve of best fit and averaged for analysis purposes. This frequency was chosen as R 50 is commonly used to predict TBW in empirically derived prediction equations (14) .
US skinfold measurements.
Single measurements of SCTT were taken on the left side of the body with minimal compression. US scans of four anatomical sites (biceps, subscapular, suprailiac, and triceps) Ultrasound (2 skinfolds) (n = 6) (n = 7) (n = 7) (n = 7) (n = 7) (n = 10) (n = 7) (n = 7)
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Lingwood (4) Reference matches ensure penetration of the US beam, enhance imaging and to minimize tissue compression. The SCTT (skin thickness and the skin-fat interface to fat-muscle interface distance that were easily defined on the scan) was measured directly from images on the screen using electronic calipers (12) (Figure 1) . All of the measurements were performed by one experienced sonographer (DG) with previously reported high intraobserver reliability (9) . US skinfold measurements were doubled for the use in skinfold equations developed for SCTT measurement with skinfold calipers (11) . Equations and reference models. Equations and reference models were sourced from the literature. Equations for calculations of TBW, FFM, and %FM using resistance (R 50 , Ω) and for calculations of body density and %FM using skinfold thickness (mm) measurements are presented in Table 6 . The %FM value calculated with six BIS-based and seven skinfold-based equations were compared with eight reference values data sets for %FM, measured by various reference techniques (15) (16) (17) (18) (19) (20) (21) (22) .
All of the reference studies with the exception of Fomon (21) state that either all or a proportion of infants were breastfed. In Butte's study (15) infants (n = 40) were exclusively breastfed for 4 mo with only 38% still breastfed at 12 mo. Infants in Bellu's study (20) of 12 mo old infants (n = 26), were breastfed for at least 6 mo and were not at the time of the study. Infants in Roggero et al. (18) (n = 59), Fields et al. (22) (n = 160), and Gilchrist et al. (19) study (n = 80) were exclusively breastfed from birth to 6 mo at which point all three studies had ended. While infants (n = 30) in Carberry et al. study (16) were predominantly or exclusively breastfed, they were followed up to 4.5 mo only.
The broad variation in time points in the reference models made it difficult to compare both the references' and our time points. Combining the available references ensured that there is sufficient BC data to establish mean ± SD values for several age/sex groups up to 12 mo. Mean ± SD of infant %FM calculated on the raw data for the whole group using BIS and US equations and presented from the lowest to the highest value.
Prediction equations were selected according to the following criteria: closest age match and predominantly Caucasian population. While it is recommended not to extrapolate from equations for older pediatric subjects to the early infant period, which is associated with chemical immaturity, it is not always possible to adapt even age-matched equations with the change in methodology as in case of using US to measure skinfolds. Therefore, several equations were tested and only few were chosen for further analysis. Those equations, not chosen produced erroneous results upon calculation or were discarded because of nonmatching variables.
Chosen BIA-based equations for TBW were established in infants and children of various ages (4, (23) (24) (25) then validated in healthy infants (4), as well as in well and malnourished children (25) . Predicted TBW was converted to FFM using Butte et al. (17) age-appropriate hydration factors and %FM was further calculated.
Chosen equations based on caliper skinfolds for %FM and body density were established for use in children and adolescents (26) (27) (28) (29) ; and evaluated in term and preterm infants (30) . Predicted body density was converted to %FM using both Siri (31) and Lohman (32) equations.
Details of the equations are given in Table 6 .
Statistical Analyses
Statistical analysis was carried out using R-software package (version 2.9.0 for Mac OSX; R Foundation for Statistical Computing, Vienna, Austria). The R-packages nlme (version 3.1-96), multcomp (33), ggplot2 (34) were used for linear mixed effect models, Tukey's all pair comparisons, data exploration, and graphics respectively. Descriptive statistics are reported as mean ± SD (range), model parameters as estimate (95% CI). P-values < 0.05 were considered statistically significant except where an adjustment for multiple comparisons false discovery rate was performed (35) . Analysis was carried out as overall, by age/sex groups and by sex within age. Infants were measured once at either 2, 5, 9, and 12 mo as they were recruited for a larger study. Forty participants, 10 in each age group (to achieve a wider body mass spread), allowed for detection of an effect size of 0.5. When 40 infants had been recruited, an uneven gender split caused us to extend recruitment to achieve similar group sizes and gender balance. Using α = 0.05, final recruitment of 58 participants gave the study power of 0.94 to detect an effect size of 0.3 (36) .
One-sample Kolmogorov-Smirnov (KS) tests (37) were used to compare the %FM data for each of the predictors with each of the eight reference distributions. Each age/sex group was compared with the most appropriate reference distributions. If no sex specific reference was available, pooled data were used. Where no SD was available in the reference model the SD was calculated as an average of SDs of the given age/sex groups of other reference models. The KS test requires that there be no ties in the data; 0.01 was added to one value when ties existed. P-values are not exact in those cases. Owing to the large number of comparisons, an adjustment for multiple comparisons false discovery rate was performed (35) . The calculated values were considered not significantly different from the reference values at P > 0.018 for US skinfold measurements and P > 0.024 for BIS. The number of matches between reference and sample distributions was classified as low (0-12 of possible 36 matches), moderate (13-24 matches) or high (25-36 matches) .
Raw data (n = 58) was used for calculating averages to compare overall equations performances in the whole group. General linear hypothesis test (Tukey's all pair comparisons) was used to check for systematic differences between the equations. Some overall analyses were repeated after removing two equations with < 1/3 of matches to the references.
CVs for each measurement were calculated from infants with data for all 13 equations (n = 45) omitting infants missing four skinfolds measurements (n = 13).
Linear mixed effects models with random intercept per participant were used to determine whether %FM measurements differed systematically by equation and infant sex and/or age group. Where there were more than two levels of categorical variable, Tukey's all Articles pair comparisons were used to determine which levels differed. Possible sex differences between methods were tested with interaction between sex and equation.
RESULTS

Subjects
Infants were two (2.06 ± 0.17, n = 13), five (5.08 ± 0.22, n = 14), nine (9.17 ± 0.35, n = 17) or 12 (12.34 ± 0.23, n = 14) mo of age at the time of measurement. Of the 58 infants, 54 were measured with BIS prefeed and four postfeed (n = 58). At the earlier stage of data collection only two skinfolds (triceps and subscapular) were measured with US, resulting in two skinfold measures for n = 58 and four skinfolds measures for n = 45. Subjects' characteristics are presented in Table 1 . Two 2 mo-old male infants were excluded from the study due to confirmed low maternal milk supply that could affect infant BC. One infant at the time of the visit was in second centile for weight and fifth for length according to WHO growth charts and had plateaued for 2 wk, later dropping to first centile for weight. The second infant was in fifth centile for both weight and length. Table 2 presents the probabilities that the sample distributions were drawn from each of the considered reference distributions. After an adjustment for false discovery rate values were considered not significantly different from the reference values at P > 0.018 for US skinfold measurements and P > 0.024 for BIS. Neither BIS nor US were consistent with distributions from appropriate reference values for all age/sex groups. A moderate number of matches (13-24 matches) with reference values were seen for both types of equations (three BISbased and two US skinfold-based). High number of matches (25-36 matches) was predominantly seen for US skinfoldbased equations (one BIS-based and four US skinfold-based).
Comparison of Sample and Reference Distribution
% FM Calculated with BIS and US
Calculated %FM values displayed wide variation within and between US and BIS, with the degree of variation affected by both infant age and sex ( Table 3) . Distributions of %FM calculated with two skinfolds matched with 27/36 reference values; use of four skinfolds gave between 10 and 30 matches. Figure 2 shows comparative performance of all of the equations for each infant. Table 4 presents the performance of all BIS and US skinfold equations in the whole group of infants (raw data, n = 58). The Fjeld (BIS) and Johnston/Lohman (US) equations were excluded from further overall analysis as both were at the lower end of calculated %FM and had the lowest number of matches (<1/3) with the references.
Effect of Sex on BC
Overall, %FM was 2.0% (0.013, 3.9) lower in males (P = 0.036). When the equations were considered separately, significant sex differences were only seen for those based on four US skinfolds (P < 0.001 for all) with the endpoints of the 95% CIs between 2.00 and 7.08. Brook/Siri (P = 0.051), Brook/Lohman (P = 0.050), Slaughter (P = 0.16) and all BIS equations (P > 0.075) Statistical difference between all of the US and BIS equations results were calculated using a general linear hypothesis test (Tukey's all pair comparisons).
Overall 2 mo-old infants had significantly lower %FM than the 5, 9, and 12 mo-olds (P < 0.001) with the differences between this group and each of the other three nearly of the same magnitude (4.6-5.5%) (Figure 2) . In the detailed analysis, all BIS equations showed overall significant differences for age (P ≤ 0.001) while all US skinfold equations showed no significant differences (P > 0.34). Looking at differences between the age groups all three Lingwood equations showed progressive increase in %FM between 2 and 5; 2 and 9; 2 and 12; 5 and 9; 5 and 12 mo (P < 0.001 for all) but not between 9 and 12 mo (P > 0.88). The Fjeld equation showed a progressive increase in %FM between 2 and 5; 2 and 9; 2 and 12 mo (P < 0.001), but %FM was not significantly different between 5 and 9; 5 and 12 mo; 9 and 12 mo (P > 0.28). The Bocage equation showed progressive increase in %FM between 2 and 5; 2 and 9 mo (P < 0.001); and 2 and 12 mo (P = 0.034), but %FM was not significantly different between 5 and 9; 5 and 12 mo; 9 and 12 mo (P > 0.33). The Kushner equation showed a progressive increase in %FM only between 2 and 5 (P = 0.002); and 2 and 9 mo (P = 0.005), but %FM was not significant between 2 and 12; 5 and 9; 5 and 12; and 9 and 12 mo (P ≥ 0.28). Published equations used in the study for predicting body density, fat-free mass, total body water or percentage fat mass using bioelectrical impedance and skinfolds in pediatric subjects. BIS-based equations displayed greater variability than US skinfold-based with calculated CVs (n = 45) ranging from 15% to 34% and from 13% to 18% respectively. Overall %FM was 0.34% (−0.37, 1.04) lower when calculated with US skinfold equations (P = 0.35) than with BIS. Figure 3 illustrates performance of all 13 equations in different age groups in comparison to few references. Table 5 presents a cluster map of statistical differences between the %FM values calculated with all BIS and US equations and demonstrates that certain groupings exist between the equations independent of the method.
Comparisons Between the Equations
DISCUSSION
With increasing pediatric obesity, the focus of the research is on associations between early nutrition, BC and risk of future disease. BC assessment during early infancy, when the window of opportunity for intervention still exists, is crucial and reference data, particularly for breastfed infants is desperately needed. Our findings indicate that both BIS and US are practical for calculating %FM in breastfed infants, but accuracy of prediction is highly dependent upon the use of validated agematched prediction equations.
A limited number of BC reference data exist for infants during the first year of life, particularly for breastfed infants whose FFM is significantly lower and %FM is significantly higher compared with formula-fed infants (15) . The major strength of our study was that all infants were breastfed at the time of measurements (to 12 mo); therefore this study describes the BC for infants fed according to WHO recommendations in the first year of life. We found that no single equation for calculation of %FM by BIS and US allowed a match to the references across the first 12 mo therefore should these methods be used, it is important to make an informed selection of equations that will match preferred references for both sampling time points and sex (Tables 2 and 3) .
Overall, we found no difference between US and BIS calculations of %FM indicating that both methods are acceptable for measurements in the field. Further, there were more matches with reference values for US skinfold based equations ( Table 2) . Slaughter, a two skinfold method, had high level of matches with reference values without requiring additional calculations to determine %FM (Siri or Lohman), as required with four skinfold equations, making it a very attractive tool for large studies. If the four skinfold method is chosen, a greater number of matches with reference values were achieved using the Siri %FM equation vs Lohman %FM equation (Tables 2 and 6 ) with the exception of Brook/Lohman. The Lohman %FM equation is based on prepubertal and pubertal children BC (32) , taking into account the lower bone-mineral and higher water content of this population, and was expected to provide more matches. The Siri %FM equation, while it is based on adult cadaver BC (31) , is the most widely used in both adult and pediatric populations and in this study provided more matches overall. The Lohman equation often underestimated %FM, despite the fact that dermis and fat layers are not compressed with US, possibly making skinfold measurements larger than the caliper technique and resulting in lower body density and higher %FM (38) .
Examination of BIS equations showed Kushner (23) and Bocage (24) calculations to have the highest number of matches with the reference values, which is similar to that of US skinfolds with Durnin/Siri and Durnin/Lohman (( Table 2 ). There is also a trend that the equations that showed the most matches also covered a larger number of reference studies. It is possible that greater variations of estimated values of Kushner and Bocage increase the chance of overlapping with multiple distributions. Equations should be chosen to be age matched to the study population otherwise erroneous results are obtained as demonstrated by the performance of the Lingwood 6 wk, 3 mo and 4.5 mo equations at 9 and 12 mo where no matches were seen with any of the reference studies (Tables 2 and 3) .
When we compare all tested equations for calculation of %FM (irrespective of method) the majority gave significantly different values (Table 5) . However, Lingwood 6 wk equation was most likely to give comparable results to the other equations. No clustering was noted for the type of the method indicating that most of the variation in calculated values lies in the equation.
Infant sex is believed to influence BC with males having lower %FM than females at some time points (16, 17) , although a number of studies have failed to show this (18) (19) (20) or have not analyzed for it (15, 21, 22) . We showed that US (four skinfolds) was able to detect sex differences with the exception of Brook/Siri and Brook/Lohman yet BIS did not. The Bellu's study (20) using total body electrical conductivity, which is based on similar principles as BIS did not show sex differences and therefore the similarity in technique might explain our BIS results. Results from air displacement plethysmography are mixed but Butte (17) used a multicomponent model, which is considered more accurate.
%FM changes in the first year of life with gradual increase in first 6 mo followed by gradual decrease to 12 mo (17, 21) . Age differences in %FM are mixed with some studies reporting an overall significant increase in %FM in the first 4 mo of life (16, 18, 22) or no change between 2 and 3; 4 or 5 mo (19) ; and detailed analysis between time points is not always available. In our study, only BIS were able to detect age differences and match them to literature. The Lingwood equations were the most sensitive to age producing statistically different values between most of the groups, with the other three BIS equations finding differences only between 2 mo and the remaining time points. The Bocage equation was established in 3-18 mo old infants but only detected age differences at 2 mo, as did Fjeld (3-30 mo old infants) and Kushner (premature infants to adults). The lack of age specific equations for skinfolds for the first 12 mo of life is an important part of why we were unable to detect age differences with US and further emphasizes the need for development of new multiple age specific equations covering the first year of life.
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We excluded two infants based on their growth and low maternal milk production. In the first infant BIS and US agreed, with a best age/sex fitted equation for %FM for BIS (Lingwood, 3 mo) producing 11.1% and for US (Brook/Lohman) 17.5%. In the second infant, the measurements were disparate with 14.9%FM for BIS and 28.2%FM for US. Interestingly, %FM values based on US skinfolds were low in the first infant that plateaued for 2 wk before the visit, but were normally distributed for the second infant. The large discrepancy for second infant might be related to the reduction in FFM. This is similar to preterm infants that at the time of estimated arrival often have greater %FM and less FFM than newborn term infants, which is probably partially due to restricted nutrition in utero or in hospital environment (39) . It is possible that combination of BIS and US is detecting this BC abnormality whereas US alone is not able to do so due to the very nature of the measurement technique.
Our results support the claim that BIS and US are useful methods of measuring of BC in infants. Skin thickness, subcutaneous fat thickness and %FM are valuable parameters for assessing and monitoring the nutritional state of the infant. US was introduced for this purpose (10) but currently not widely used. US is able to obviate some of the limitations of the caliper technique in the pediatric population such as age-related inter and intrasubject variation in skinfold compressibility, inability to palpate the fat-muscle interface or to differentiate the layers of skin, differences in the types of calipers used, and pain/trauma factor (38). Petersen et al. reported some degree of difficulty with identification of the dermis-subcutaneous fat interface in preterm infants' skin compared with adult skin using US (10). We did not experience this difficulty, probably because Petersen measured distance between peaks on skin echogram rather than on an actual scan, and that infants in our study were term thus the interface could be more defined. Recently Pineau et al. has validated both US skinfold and BIS measurements in adults against dual-energy X-ray absorptiometry. In that study US has shown very good accuracy, while BIS has shown less accuracy than US but better than air displacement plethysmography (12) . BIS predictions of %FM in infants improve with age compared with simple anthropometric measurements (4) and could benefit pediatric populations if more equations developed for infants after 5 mo of age.
The limitations of this study include the missing data of four skinfolds for 13 infants and, as a result, small numbers in particular sex/age groups; lack of available age-matched equations, necessitating running a full analysis of many equations; and limitation with resources for the study, resulting in absence of reference data for our subjects (notwithstanding the issues with existing reference methods in pediatric population).
In conclusion, high-frequency US measurement of SCTT is a precise and reliable method for assessment of %FM in breastfed infants. Accurate measurements of SCTT in a wide range of body masses are easily recorded, and the nontraumatic technique allows application of this method even in the smallest infants. BIS, on other hand presents some issues particularly in the earlier mo of life but its performance improves with infant age. While both methods will further benefit from the development of more precise age appropriate equations, a number of the current equations are practical for assessing %FM in breastfed infants, particularly in longitudinal studies. This study further emphasizes the critical need for development of sex/age specific normative BC values for assessment of the growth and nutritional status of breastfed infants during the first year of life.
